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PHOSPHODIESTERASE 5
INHIBITORS: CURRENT STATUS
AND POTENTIAL APPLICATIONS

David P, Rotella

Phosphodiesterase enzymes convert cyclic GMP and cyclic AMP to the corresponding

nucleotide monophosphates. Phosphodiesterase 5 (PDED) inhibition is now a widely accepted
and efficacious therapeutic option for the treatment of erectile dysfunction in men, as a result of
extensive clinical experience with sildenafil and other new PDE5 inhibitors. Research in the field
continues at a substantial level to identify new, selective PDES inhibitors and to investigate their
usefulness and activity in other areas. This review summarizes recent clinical trials with PDE5S
inhibitors, advances in medicinal chemistry, and other activities and potential applications of this
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class of compounds.

Phosphodiesterase enzymes convert the intracellular
second messengers cyclic AMP and cyclic GMP to the
corresponding nucleotides AMP and GMP. There are
now 11 phosphodiesterase families, many of which exist
as splice variants™ (TABLE 1). The cAMP-specific
enzymes include phosphodiesterase 4 (PDE4), -7 and -8.
The cGMP-specific PDEs are PDES5, -6 and -9, whereas
PDEL, -2,-3,-10 and -11 use both cyclic nucleotides.

PDES was purified in 1980 by Francis and co-workers
from rat lung?, and was first cloned by McAllister-Lucas
et al. in 1993 (REF 4). The enzyme is active as a homo-
dimer, which has a molecular mass of approximately
200 kDa. Each monomer contains a carboxy-terminal
catalytic domain, a highly conserved zinc-binding motif,
two allosteric binding pockets for cGMP and — in the
amino-terminal region — a phosphorylation site at
serine 92 (Ser92). Either protein kinase A (PKA) or PKG
can phosphorylate PDES, and this results in a significant
increase in PDE5 activity®. The protein is widely distrib-
uted throughout the smooth muscle in the body and is
also found in platelets. Three different forms have been
identified in the corrus cavernosum® and two splice vari-
ants have also been identified”.

Most known PDES inhibitors compete with the sub-
strate cGMP for binding to the protein at the catalytic
site. Although cGMP binding to the catalytic site

stimulates cyclic-nucleotide binding to the allosteric
sites, inhibitors do not elicit the same property, and
Ser92 phosphorylation has no effect on inhibitor
binding’. Turko and co-workers used sildenafil (Viagra;
compound 1 in FIG. 1) and zaprinast (compound 2) to
propose a binding-site model for this class of com-
pounds’. They propose that, for improved affinity, the
PENDANT aromatic ring should incorporate hydrophobic
substituents, and that a low net charge on the molecule
is preferred. This report used PDES5 from bovine lung,
and it was shown that similar K, (enzyme inhibition
constant) values were obtained with the same com-
pounds using PDES from human corpus cavernosum.
An important issue in the development of PDE5
inhibitors is specificity for the other PDEs. The selec-
tivity of the compounds discussed in this review has
been measured against PDE1—4, and in some cases,
PDEG6. No data have been published for selectivity
against PDE8-11. It has been reported that PDE11
closely resembles PDES5 (71% amino-acid similarity),
and that the non-selective PDE inhibitor dipyri-
damole inhibits PDE11A with an IC, value (half-
maximal inhibitory concentration) of 0.9 uM (REE.2).
In spite of the similarity, there are important differ-
ences in the amino-acid sequence in the active site that
allow PDE11A to hydrolyse both cAMP and cGMP.
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Table 1 | Phosphodiesterase enzymes

PDE gene products
1A-C

2A

3A-B

4A-D

5A

B6A-C

7A
8A-B
9A
10A
11A

Substrate specificity Consequence of inhibition

cGMP, cAMP Hypotension

cAMP > cGMP Unknown

cAMP > cGMP Inotrope, arrhythmia

cAMP Emesis, anti-inflammatory

cGMP Vascular relaxation

cGMP Visual disturbance, retinitis
pigmentosa

CAMP Inhibition of T-cell activation

CcAMP Unknown

cGMP Unknown

CcAMP > cGMP Unknown

cGMP, cAMP Unknown

Adapted from REE. 56. CAMP, cyclic AMP; cGMP, cyclic GMP; PDE, phosphodiesterase.

HYDROPATHY

The analysis of the hydrophobic
and hydrophilic characteristics
of molecules.

HAEMODYNAMIC
Relating to physical aspects of
blood circulation.

PRIAPRISM
A persistent erection of the penis

resulting from causes other than
sexual stimulation.

ch

HsC

As physiological roles for these phosphodiesterases are
established, inhibitor discovery and specificity will
have to be expanded to accommodate them. Although
sildenafil has an acceptable degree of selectivity,
increased specificity for PDES5, particularly over PDE1
and PDE®, is often a primary objective in the opti-
mization of new inhibitors. Improved specificity over
PDE6 will reduce or eliminate the incidence of visual
disturbances associated with sildenafil. As the primary
phosphodiesterase found in the plasma, PDEI inhibition
might be associated with the flushing and headaches that
are observed with sildenafil. In the case of all the new
PDES5 inhibitors that have been described in the peer-
reviewed literature, improvements in selectivity were
determined empirically, and compounds were optimized
on the basis of structure—activity explorations of the
chemical series in question. There has been some work
devoted to understanding the basis of the substrate selec-
tivity of the phosphodiesterase enzymes!’. HYDROPATHY
analysis of the catalytic domain of several phosphodies-
terases indicated that the arrangement and nature of

-0

Figure 1 | PDES5 inhibitors. Sildenafil (1), zaprinast (2), vardenafil (3) and tadalafil (4) are
phosphodiesterase 5 (PDE5) inhibitors that are now on the market or are in clinical trials.

residues near glutamate 775 is a crucial determinant.
In the case of cGMP-specific enzymes, a higher pro-
portion of hydrophobic amino acids are found. This
results in enhanced affinity for cGMP and also dis-
criminates against cAMP binding.

PDES5 is the primary cGMP-hydrolysing activity in
human corpus-cavernosum tissue. Erection is largely a
HAEMODYNAMIC event, which is regulated by vascular tone
and blood-flow balance in the penis. Because cGMP lev-
els modulate vascular tone, it is an obvious target for
therapeutic intervention in the process (FIG.2). When a
man is sexually stimulated, either physically or psycho-
logically, nitric oxide (NO) is released from non-
cholinergic, non-adrenergic neurons in the penis, as
well as from endothelial cells. NO diffuses into cells,
where it activates soluble guanylyl cyclase, the enzyme
that converts GTP to cGMP. The cyclic nucleotide then
stimulates PKG, which initiates a protein phosphoryla-
tion cascade. This results in a decrease in intracellular
levels of calcium ions, leading ultimately to dilation of
the arteries that bring blood to the penis and compress-
ion of the spongy corpus-cavernosum tissue. This com-
pression contracts veins, which reduces the outflow of
blood and increases intracavernosal pressure, resulting
in an erection'!. A PDES5 inhibitor will retard enzymatic
hydrolysis of cGMP in the human corpus cavernosum,
leading to the same outcome.

It is essential to point out that a PDES5 inhibitor will
function best when nerves innervating the penis are
intact, and when circulatory function in the tissue is
sufficient. Furthermore, a PDE5 inhibitor works in con-
junction with sexual stimulation, unlike agents such as
prostaglandin E2, which directly influence vascular tone.
This results in a substantially lowered risk of priaprism. As
discussed later in the manuscript, in spite of the pres-
ence of PDE5 in the general circulation, the use of PDE5
inhibitors in patients with cardiovascular disorders is
generally considered safe, because these agents do not
significantly affect blood pressure or heart rate if used
alone. However, concurrent use with organic nitrates is
contraindicated because of a synergistic effect on blood
pressure.

This review provides an update on clinical studies
with PDES5 inhibitors, including vardenafil (Nuviva;
compound 3 in FIG. 1) and tadalafil (IC351, Cialis;
compound 4 in FIG. 1), two compounds that are under-
going FDA review for approval for the treatment of
erectile dysfunction (ED). In addition, advances in
medicinal chemistry that have been published since
2001 (ReE 12) are discussed. The activity and potential
usefulness of PDE5 inhibitors in other therapeutic
areas is also summarized.

Clinical results

Sildenafil was approved for use in the United States in
March 1998, and now accounts for more than 90% of all
pharmaceutical sales for the treatment of ED. World-
wide sales in 2001 exceeded US $1.5 billion. Because of
its mechanism of action, sildenafil is contraindicated in
patients taking NO donors or organic nitrates. The
patient population with the greatest risk of developing
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Figure 2 | Cellular mechanism of action of PDES5 inhibitors. Erection is initiated by sexual stimulation, which causes the release
of nitric oxide (NO) from nerves and cells in the penis. NO diffuses into cells, where it activates the enzyme guanylyl cyclase, which
synthesizes cyclic GMP, an intracelluar second-messenger molecule. Phosphodiesterase 5 (PDED) is an intracellular enzyme that

Vascular-smooth-
muscle relaxation

PLETHYSMOGRAPHY

The measurement and recording
of changes in volume of an
organ or structure.

degrades cGMP. Inhibition of this activity permits the cyclic nucleotide to remain active as a second messenger, leading to the
physiological outcome (erection) illustrated in the graphic below the diagram.

ED comprises men over the age of 40. Many men in this
age group also have other chronic diseases, such as
depression, diabetes, atherosclerosis, hypertension or
ischaemic heart disease. All of these conditions increase
the risk of developing ED, and in some cases, the
pharmacological treatment for the disorder can also
induce ED. Consequently, the safety and efficacy of silde-
nafil and other PDE5 inhibitors in this group of patients
needed to be established.

Several studies have been done with sildenafil in men
with cardiovascular disease. The data indicate that, with
the exception of patients taking organic nitrates, silde-
nafil does not have a synergistic effect on blood pressure
with antihypertensive agents, such as ACE inhibitors,
a-adrenoceptor or B-adrenoceptor blockers, calcium-
channel blockers or diuretics'. There was no increase in
the incidence of drug-related adverse events, and the
overall safety profile indicated that there was no signifi-
cant difference in the incidence of stroke, myocardial
infarction or other serious cardiovascular events in
patients taking sildenafil. The drug improved erectile
function in up to 70% of men with ischaemic heart dis-
ease', and gave similar results in trials with other groups
of men with cardiovascular disease’’.

In a small study of men with diabetes's, a 50-mg
dose of sildenafil improved erectile function in 52% of
patients, as judged by RigiScan (penile PLETHYSMOGRAPHY;
developed by Timm Medical Technologies) measure-
ments after visual stimulation, diary results of success-
ful sexual intercourse and interviews with patients and
partners. The placebo response in this study was 10%.

As noted in trials in men with pre-existing cardiovas-
cular disease, adverse events were mild and the drug
was well tolerated.

Spinal-cord injury can also cause ED, and depending
on the site and severity of the injury, sildenafil can be
used to improve sexual function. The results of a 28-day
study of sildenafil in men with a spinal-cord injury at T6
(thoracic vertebrae 6) through L5 (lumbar vertebrae 5)
indicate that a 50-mg dose taken one hour before sexual
activity resulted in substantially improved erectile func-
tion in 75% of patients who received the drug, com-
pared with just 7% of those patients who were treated
with placebo'®. In patients taking sildenafil, a significant
improvement in satisfaction with their sex life was
reported. An open trial of sildenafil in men with antide-
pressant-induced sexual dysfunction indicated thata
50-100-mg dose taken as needed over at least four
weeks led to statistically significant improvements in
libido, arousal, orgasm, sexual satisfaction and erectile
function". Patients in the study were being treated for
depression with either a selective serotonin-reuptake
inhibitor or mirtazapine.

The New Drug Application (NDA) for vardenafil was
submitted to the FDA for approval in September 2001.
If approved, the drug will be co-marketed by Bayer and
GlaxoSmithKline. The results from clinical studies with
the compound have begun to be reported. It seems that
the improved in vitro PDE5 IC_ value for vardenafil of
0.7 nM (REE 18), compared with a value of 3.0 nM for
sildenafil”, contributes to improved potency in man. The
typical dose range for vardenafil is 5-40 mg, whereas for
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Figure 3 | PDES5 inhibition by pyrimidine isosteres. These compounds show that
phosphodiesterase 5 (PDES) will accept different ring systems as substitutes for cyclic GMP.
These inhibitors have different potency as PDES5 inhibitors. The data show that the core ring
system found in vardenafil (imidazotrienone ring; compound 7) is intrinsically more potent than
that found in sildenafil (pyrazolopyrimidine ring; compound 6). Compound 5, 2-phenyl-

substituted purine.

TUMESCENCE
Becoming swollen.

ISOSTERE

Isosteres are atoms or
functional groups of similar
size and molecular orientation
relative to each other.

sildenafil, the typical range is 25-100 mg. Initial phar-
macokinetic results showed that after single 10-mg or
20-mg doses of vardenafil, C__(maximum concentra-
tion) values of 9.1 and 20.9 ug 17, respectively, were
achieved with T, (time to reach maximum concentra-
tion) values of 0.7 and 0.9 hours, respectively. The half-
life of vardenafil (four hours) is comparable to that of
sildenafil®. These doses also resulted in dose-related
increases in penile rigidity and Tumescence after visual
stimulation. All patients in this study had mild to mod-
erate ED, and all erectile function data were compared
with placebo.

A Phase IIb trial of 601 patients with mild to moder-
ate ED used 5-, 10- and 20-mg doses over 12 weeks to
measure efficacy in a double-blind, placebo-controlled
format?'. Vaginal penetration and maintenance of
erection were the primary end points. Statistically sig-
nificant improvements were recorded at all three doses
for both end points. Successful intercourse was
achieved between 71% and 75% of the time in the
drug-treated groups. The primary adverse events were
headache, flushing, dyspepsia and rhinitis. The fre-
quency of these events was dose related, and was simi-
lar to those reported for sildenafil. No cases of visual
disturbances were reported.

Another Phase II trial showed that vardenafil was
effective in men with severe ED after nerve-sparing radi-
cal prostatectomy. After three months using 10- or 20-mg
doses, patients recorded successful penetration and
maintenance of erection significantly more often than
placebo-treated men (47% compared with 22%, and
36% compared with 10%, respectively, for each end
point)*. Data from two Phase I1I studies were pooled to
evaluate the safety and efficacy in hypertensive men with
mild to moderate ED. The drug was dosed at 5, 10 or
20 mg, and all three groups reported results far superior
to placebo. Side effects were generally mild, as noted
above, and did not occur more frequently in the hyper-
tensive patient population®’. A smaller study showed
that a single 10-mg dose of vardenafil did not increase
the risk of exercise-induced cardiac ischaemia in
patients with stable coronary artery disease?.

Tadalafil received an approvable letter in the United
States in April 2002, with final clearance for marketing

pending further clinical-pharmacology studies. It has
been speculated that these studies will focus on provid-
ing extra safety evidence in view of the potential for
recreational use of the drug, and because tadalafil has a
much longer half-life than sildenafil (17 hours*), lead-
ing to a prolonged period of efficacy of up to 36 hours®.
Tadalafil also has a more rapid onset of action than
sildenafil, often showing effects in 20 minutes or less®.
It is likely to be contraindicated in patients taking
organic nitrates, in spite of a substantial increase in
PDES selectivity compared with other phospho-
diesterase enzymes®!. In healthy subjects who received a
single 20-mg dose, there was no significant change in
heart rate, standing systolic or diastolic blood pressure*.

Analysis of the data from Phase III clinical trials
showed that the incidence of adverse events in
patients taking tadalafil, including those with various
cardiovascular diseases, was no different from that in
placebo-treated patients”. In double-blind, placebo-
controlled Phase III trials that included over 1,100
men, tadalafil doses of 2.5-20 mg once daily, as
needed, significantly improved erections in up to 81%
of men. The mean percentage of successful inter-
course attempts was 75%, and efficacy was maintained
in both hypertensive and non-hypertensive patient
groups®.

There are other PDES5 inhibitors in earlier stages of
clinical development, and — on the basis of an evalua-
tion of patent publications — it seems that several com-
panies have preclinical discovery programmes. Pfizer
has reported that a ‘second generation’ PDES5 inhibitor,
UK369003, is now in Phase II trials for ED. Vivus is
investigating TA-1790 in Phase I trials. TA-1790 is
reported to be a potent, fast-acting and highly selective
PDE5 inhibitor, which was licensed from Tanabe
Pharmaceutical®’. Dong-A Pharmaceutical entered
DA-8159 into clinical trials for ED in April 2002 (REE 30).
DA-8159 is a pyrazolopyrimidinone that has shown
erectogenic activity after oral administration of
0.3-1.0 mg kg™ to rats. In anaesthetized dogs, intra-
venous administration of 1-300 ug kg™ potentiated an
increase in intracavernosal pressure in a dose-related
manner’!. Eisai began investigating E8010/4010 in
Europe in early 2001 for ED (information obtained
from the Investigational Drugs Database).

Preclinical studies of PDES5 inhibitors

The design of the imidazotriazenone ring system of
vardenafil was based in part on the hypothesis that
this ring system would prevent metabolism by the
enzyme xanthine oxidase'®. The imidazotriazenone
heterocyclic core of vardenafil is a known purine
1SOSTERE, and comparison of the PDE5 inhibitory activ-
ity of 2-phenyl-substituted purine (compound 5 in
FIG. 3), pyrazolopyrimidine (compound 6) and imidazo-
triazenone (compound 7) indicated that the latter
could provide novel, potent PDE5 inhibitors'.
Substitution of the pendant phenyl ring with a piper-
azine sulphonamide improved potency further, leading
to the development of vardenafil, which is more potent
and selective than sildenafil for PDE5 in vitro.
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HETEROATOMS
Atoms other than carbon or
hydrogen in a molecule.
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Figure 4 | PDES5 inhibitors that are structurally unrelated to sildenafil. The inhibitors FR226807 (8), T-1032 (9) and KF31327
(10) are examples of compounds that are structurally unrelated to sildenafil, but are potent phosphodiesterase 5 (PDE5) inhibitors.

FR226807 (compound 8 in FIG. 4), is a nitrobenza-
mide derivative that was discovered by Fujisawa
Pharmaceuticals® . The compound is a weak (IC_ =
5 uM) inhibitor of PDE1-4, and has an IC50 of 20 nM
for PDE6 and an IC,, of 1.1 nM for PDES5. In vitro,
FR226807 relaxes rabbit corpus-cavernosum tissue in a
dose-dependent manner. When tested in anaesthetized
dogs, 0.1 mg kg™! given intravenously increased intra-
cavernosal pressure in response to electrical stimulation
of the pelvic nerve. Doses of 0.01,0.032 and 0.1 mg kg™
FR226807 decreased mean arterial pressure in anaes-
thetized dogs to approximately the same extent (~8%
decrease), unlike sildenafil, which, over the same dose
range, gave a dose-related decrease in mean arterial
pressure. It was suggested that the significantly
improved specificity of FR226807 for PDES5 over PDE1
contributed to this observation. Clinical evaluation of
this compound would have to be undertaken with care,
as it contains a nitro-aromatic fragment that can be
metabolically transformed to generate potentially toxic
species, such as nitroso and hydroxylamine derivatives.

The isoquinolone derivative T-1032 (compound 9)
is being studied by Tanabe Pharmaceutical (FIG. 4).
T-1032 is a potent (IC, = 1.0 nM) and selective PDE5
inhibitor, with IC,  values of greater than 3 uM against
PDE1—4 and 28 nM for PDEG6 (REE 32). T-1032 increased
the concentration of cGMP in a dose-dependent man-
ner in rat vascular-smooth-muscle cells over a concen-
tration range of 1-100 nM. There was no change in the
level of cAMP in these cells over the same concentration
range. When studied in vitro using rat aorta and rabbit
corpus-cavernosum tissue, T-1032 caused an endothelin-
dependent relaxation of aortic tissue along with an
increase in ¢cGMP, and potentiated the relaxation
induced by the NO donor sodium nitroprusside®. In
rabbit corpus-cavernosum strips, T-1032 was equipo-
tent with sildenafil, as measured by the enhancement of
relaxation of the tissue. This might be due to differences
in the propensity of T-1032 to efficiently partition into
cells in which the target PDES5 is located. The com-
pound was further tested in vivo using anaesthetized
rats to evaluate effects on venous compliance®. When
infused over a dose range of 0.1-10 ug kg™ min™', T-1032
decreased mean arterial pressure (3.8-16.8% relative to
control measurements) and mean circulatory filling

pressure (6.1-18.6% relative to control measurements)
in a dose-dependent manner. T-1032 at 3 ug kg™
increased venous compliance relative to untreated con-
trol animals.

The detailed structure—activity relationships that led
to the development of T-1032 were reported by Ukita
et al®. Three key positions were investigated: substituents
on the lactam nitrogen, the 4-aryl ring and the ether moi-
ety. Various 3- and 4-substituted aromatic derivatives,
along with saturated carbo- and heterocyclic, as well as
alkyl substituents on the lactam were prepared. Of these,
the 4-aminobenzene analogue was found to be optimal.
On the 4-aryl ring, a 3,4,5-trimethoxy substitution was
preferred over either a 4-bromo- or 4-methyl-3,5-
dimethoxy arrangement. Finally, the 2-pyridylmethyl
ether was equivalent to the 3- and superior to the
4-pyridylmethyl isomer.

Unlike other known PDE5 inhibitors, the imidazo-
quinazoline KF31327 (compound 10; FIG.4) binds in a
non-competitive manner with cGMP*. Using PDE1-5
isolated from canine trachea, KF31327 gave IC_ values
of 380, 670, 38, 800 and 0.074 nM, respectively. In the
presence of nitroglycerin, KF31327, over a dose range of
1-100 nM, inhibited platelet aggregation of washed
rabbit platelets in a dose-dependent manner, up to a
maximum of 60% inhibition of platelet aggregation.
Sildenafil showed similar activity in this assay. In-
terestingly, in the absence of nitroglycerin, KF31327
could also inhibit aggregation at concentrations of
between 1-10 uM, whereas sildenafil at the same con-
centration had no effect. Cyclic-nucleotide levels were
measured in platelet samples after treatment, and in
nitroglycerin-treated cells, only cGMP levels increased.
However, in the absence of nitroglycerin, treatment with
KF31327 resulted in elevated levels of both cAMP and
c¢GMP. The increased levels of cAMP probably occur as a
result of inhibition of PDE3 by KF31327. Other known
PDES3 inhibitors, such as milrinone, can also inhibit
platelet aggregation and elevate cAMP levels in platelets.

A group from SK Chemicals (South Korea) has
reported the structure—activity relationships of silde-
nafil analogues in a series of papers. The first group of
compounds included fused oxygen heterocycles”; for
example, compound 11 in FIG. 5. By examining ring
size, number of HereroATOMS and the resulting effect on
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TORSIONAL

The freedom or ability to rotate
along a defined angle.
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Figure 5 | PDES inhibitors based on the structure of sildenafil. The phosphodiesterase 5 (PDE5) inhibitors compounds 12 and
13 (SK Chemicals) illustrate variations to the sildenafil structure that lead to improved potency. Neither of these compounds is more
selective than sildenafil for PDE6G. Compound 11 investigated structure—activity at the alkoxy-ether position.

the torsion angle between the pyrazolopyrimidine and
the pendant bicyclic ring, the researchers attempted to
establish a correlation between PDES5 potency and the
torsion angle. The latter property was estimated on the
basis of ab initio calculations. The most potent analogue
(compound 11) had a six-membered ring fused to the
aromatic piperazinyl sulphonamide ring, and the tor-
sion angle most closely approximated that of sildenafil.
None of these compounds showed an increase in selec-
tivity for PDE5 over PDE6. In fact, this series is less
selective than sildenafil for PDE5 over PDE6, and all
compounds were less potent against PDE5.

The second paper from this group investigated
sildenafil analogues in which the piperazine sulpho-
namide was replaced by a small set of anilinoamides®
(FIG. 5). This limited study resulted in compounds that
were more potent than sildenafil, but once again were
less selective for PDE5 over PDE6. In the group of five

14: R1 = R2 =H
PDES5 IC5 = 2.1 nM

15: Ry = H, Ry = NHCH,Ph-4F
PDES5 IC5 = 0.31 nM

OCHs
]
HC~ " ONH O
4 N OFEt
N
N —
on Ny NH O
4 N N
—— CHs — N ‘ H |
N 2\
N
CHs
17 18

PDES5 ICg = 0.8 nM

Figure 6 | Novel pyrazolopyridine PDES5 inhibitors. The phosphodiesterase 5 (PDE5) inhibitors
compounds 14 and 15 (Bristol-Myers Squibb) are related to PDES5 inhibitors that were previously
disclosed by Bristol-Myers Squibb. Compound 18 was designed on the basis of compound 16,
which was disclosed by Sanofi-Winthrop.

new compounds, the most potent was the n-butyryl
amide (compound 12). It is possible that some of the
increase in potency is due to extension of the alkyl ether
from an ethyl to an n-propyl chain, an observation
made earlier by others®.

To follow up on the strategy of exploring structure—
activity at the piperazine sulphonamide locus, this same
group also reported on a series of piperazine and piperi-
dine sulphonamides containing a carboxylic-acid
moiety that might serve as a mimic of the phosphate
moiety of cGMP*. This was investigated in parallel with
a comparison between ethoxy and propoxy ethers (FIG. 5).
When piperidine and piperazine sulphonamides were
compared, the former were more potent and the opti-
mal chain length for the carboxylic-acid moiety was
found to be three carbons. As noted above, all of the
analogues reported in this paper proved to be more
potent than sildenafil against PDES5, and all compounds
had lower selectivity for PDE5 over PDEG6. Selectivity
comparisons with PDE1 and PDE3 were reported for
selected compounds, and these proved to have similar
specificity to sildenafil.

A novel series of pyrazolopyridines was identified by
Bi and co-workers* on the basis of earlier work at Bristol-
Myers Squibb¥. Substituents at R and R, (FIG.6) were var-
ied, and it was observed that when these substituents
were hydrogen, PDES5 potency and selectivity were com-
parable to sildenafil. These properties were maximized
by adding a 4-fluorobenzylamino moiety at R to give
compound 15, resulting in a PDES5 inhibitor with an
IC,, of 0.31 nM, which does not inhibit PDE1-4 up to
10 uM, and is 160-fold selective for PDE5 over PDE6.

A more simple series of pyrazolopyridines was des-
cribed by Yu et al.*? (FIG.6). This series was identified
by directed screening of compounds based on a pyra-
zoloquinoline (compound 16), reported by Sanofi-
Winthrop*. The ester lead (compound 17) was opti-
mized at both the 4-amino and carboxy sites by parallel
synthesis. This generated the 4-(3-chloro-4-methoxy-
benzylamino)-4-pyridylmethyl amide (compound 18),
which has a PDE5 IC,  of 0.8 nM, and is approximately
50-fold selective for PDE5 over PDE6. Compound 18 has
good oral bioavailability (66%) in dogs with a two-hour
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half-life and efficacy equal to that of sildenafil in an
in vitro rabbit corpus-cavernosum tissue-strip assay>.
In spite of these promising properties, the compound
inhibited certain cytochrome P450 enzymes (CYP
enzymes) and blocked the HERG potassium channel,
so it was not advanced for further testing.

Recently, Yu has described yet another series of
PDES5 inhibitors that have been evaluated in Phase I
trials in healthy men (G. Yu et al., unpublished obser-
vations) (FIG. 7). These pyrazolopyridopyridazines
were designed on the basis of the observation of an
intramolecular hydrogen bond between the amide
carbonyl and 4-amino NH moiety in compound 18,
which stabilizes a particular conformation of the mole-
cule and forms a pseudo ‘ring-like’ structure. In this
series, the ethyl group on the pyrazole ring and the
3-chloro-4-methoxybenzylamino moieties are optimal,
with substituted imidazoles (compound 19) at R, on the
pyridazine ring giving potent (PDE5 IC_ < 1 nM), selec-
tive (ICSO > 10* for PDE1-4, 150-fold more selective for
PDE5 than PDE6) compounds. An N-methylamide ana-
logue (compound 20) showed good oral bioavailability
in dogs (42%), with a two-hour half-life. In humans, a
dose-related increase in drug levels in plasma was mea-
sured over a dose range of 2-50 mg. There were no
visual disturbances noted at the 50-mg dose. However,
some patients did report headaches after doses of 25
and 50 mg. In humans, the compound is mainly me-
tabolized by CYP2D6, and has a half-life greater than
12 hours.

So far, PDE5 inhibitors have shown efficacy for the
treatment of ED only in men. However, the same princi-
ples are potentially applicable in the treatment of certain
types of sexual dysfunction in women, namely by increas-
ing blood flow to the genitals. The ability of sildenafil to
relax rabbit clitoral corpus-cavernosum tissue was shown
in vitro*. Pre-treatment of tissue strips with 100-nM
sildenafil was shown to enhance relaxation of this smooth
muscle after electrical-field stimulation. In anaesthetized
rabbits, sildenafil was administered by intravenous infu-
sion over a dose range of 0.21-2.1 ug kg™ to achieve
blood levels of between 5 and 50 nM. At the highest
dose, it was shown that sildenafil increased blood flow in
the clitoris, decreased vaginal luminal pressure and
increased vaginal lubrication after pelvic-nerve stimula-
tion®. Clinical trials of sildenafil in postmenopausal
women have failed to show efficacy, for reasons that are
poorly understood, and might depend on the nature of
sexual dysfunction*t. However, Caruso and co-workers
have shown that in a small group of premenopausal
women, both arousal and orgasm were improved rela-
tive to placebo-treated patients®.

Other actions of PDES inhibitors

The potential use of PDE5 inhibitors for the treat-
ment of cystic fibrosis was shown by McPherson and
co-workers*, who used IBMX (3-isobutyl-1-methylx-
anthine) in vitro to stimulate mucin secretion in sub-
mandibular cells as a model for this severe pulmonary
disorder. IBMX was tested at high concentrations
(1 mM), and was shown to elevate levels of cGMP in

CHs

19 20

Figure 7 | PDES5 inhibitors based on pyrazolopyridopyri-
dazine. These phosphodiesterase 5 (PDES) inhibitors have a
pyrazolopyridopyridazine structure. Compound 20 has been
investigated in Phase | trials in humans.

these test cells. However, at this concentration, other
PDE:s are also likely to be inhibited. The effects of silde-
nafil on gastrointestinal function in humans has been
investigated. Bortolotti has shown that a 50-mg dose of
sildenafil reduced lower-oesophageal-sphincter tone and
residual pressure compared with placebo in patients with
idiopathic achalasia*. Achalasia is a disorder character-
ized by a reduced ability to move food down the oesoph-
agus, and an inability of the lower oesophageal sphincter
to relax in response to swallowing. In normal control
subjects, the same 50-mg dose of sildenafil inhibits inter-
digestive motor activity of the antrum and duodenum as
it decreases the number and amplitude of contractions by
this smooth-muscle tissue™. This property could be asso-
ciated with the dyspepsia that has been noted in patients
taking PDE5 inhibitors. The authors note that the effect is
rapidly reversible in patients with normal gastrointestinal
function, but speculate that caution should be exercised if
the drug is to be used in patients with established, delayed
gastric emptying or gastroparesis.

PDES5 inhibitors exert their action in ED by dilating
arteries and increasing blood flow to the penis. This
vasodilatory property has also been investigated in the
context of other circulatory disorders. In a recent
report”, improved haemodynamic function in patients
with established pulmonary hypertension who were
treated with the prostaglandin analogue iloprost was
recorded, and the duration of the effect was extended by
the addition of up to 50-mg sildenafil. The five patients
in this study, when given both sildenafil and iloprost,
showed an enhanced reduction in pulmonary arterial
pressure (-13.8 mm Hg), compared with iloprost
(9.4 mm Hg) or sildenafil (—6.4 mm Hg) alone. This
effect persisted for up to two hours after the PDE5
inhibitor was administered, whereas when patients were
given iloprost alone, pulmonary arterial pressure
returned to pre-treatment levels after two hours. There
was no significant change in heart rate or systemic arter-
ial pressure during the treatment.

Subarachnoid haemorrhage is a significant cause of
stroke in many patients. It often arises as a consequence
of reduced responsiveness to NO in cerebral arteries.
To counter this effect pharmacologically, it has been
proposed> that PDE5 inhibitors will elevate cellular levels
of cGMP in cerebral arteries to counteract this vascular
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dysfunction. Experimentally, the usefulness of sildenafil
has been shown in a rat model of cerebral ischaemia®.
Oral administration of either 2 or 5 mg of sildenafil two
hours after induction of ischaemia, and continuing for
six days, significantly improved test scores for neurologi-
cal deficits in test animals. Furthermore, a reduction in
infarct volume was measured in animals treated with
2-mg sildenafil compared with untreated controls.

As noted above for KF31327, sildenafil can also mod-
ulate platelet aggregation in a dose-dependent manner.
Administration of either 50 or 100 mg sildenafil as a sin-
gle dose to healthy volunteers was followed by ex vivo
platelet-aggregation assays in platelet-rich plasma at
zero, one and four hours after the dose. The lower dose
had no effect on platelet aggregation at any of the time
points studied in response to either collagen or ADP-
induced stimulus. However, the 100-mg dose did prolong
aggregation time at one hour in response to collagen. At
the four-hour time point, platelet aggregation returned
to normal. Sildenafil did not inhibit ADP-induced aggre-
gation at either dose.

Conclusions

PDES5 inhibitors have shown usefulness in the treat-
ment of ED in men, and by 2003, it is possible that
three compounds will be approved for use in the
United States: sildenafil, vardenafil and tadalafil. There
is continuing interest in the discovery and optimiza-
tion of new PDES5 inhibitors, as reflected by the number
of recent publications in the patent and peer-reviewed
literature. Some of the compounds described in such
reports are both more potent and more selective than
sildenafil. The application of PDE5 inhibitors to treat
female sexual disorders is being investigated clinically,
and both preclinical and clinical studies have shown
that such compounds might also be useful in other
disorders in which smooth-muscle dilation is
involved. If any of these efforts are successful, PDE5
inhibitors will no longer be considered only as ‘quality-
of-life’ drugs. This is a substantial and promising field
of research that continues to grow, and will be of
interest to both biological and chemical scientists for
the foreseeable future.

Corbin, J. D. & Francis, S. H. Cyclic GMP
phosphodiesterase-5: target of sildenafil. J. Biol. Chem.
274, 13729-13732 (1999).

Fawcett, L. et al. Molecular cloning and characterization of a
distinct human phosphodiesterase gene family: PDE11a.
Proc. Natl Acad. Sci. USA 97, 3702-3707 (2000).

Francis, S. H., Lincoln, T. M. & Corbin, J. D. Characterization
of a novel cGMP binding protein from rat lung. J. Biol.
Chem. 255, 620-626 (1980).

McAllister-Lucas, L. M. et al. The structure of a bovine lung
cGMP-binding, cGMP-specific phosphodiesterase
deduced from a cDNA clone. J. Biol. Chem. 268,
22863-22873 (1993).

Corbin, J. D., Turko, |. V., Beasley, A. & Francis, S. H.
Phosphorylation of phosphodiesterase-5 by cyclic
nucleotide dependent protein kinase alters its catalytic and
allosteric cGMP binding activities. Eur. J. Biochem. 267,
27602767 (2000).

Lin, C.-S., Lau, A., Tu, R. & Lue, T. F. Expression of three
isoforms of cGMP-binding, cGMP- specific
phosphodiesterase (PDE5) in human penile tissue.
Biochem. Biophys. Res. Commun. 268, 628-635 (2000).
Yanaka, N. et al. Expression, structure and chromosomal
localization of the human cGMP-binding, cGMP-specific
phosphodiesterase PDE5A gene. Eur. J. Biochem. 255,
391-399 (1998).

Loughney, K. et al. Isolation and characterization of cDNAs
encoding PDE5SA, a human cGMP binding, cGMP specific
3',5'-cyclic nucleotide phosphodiesterase. Gene 216,
139-147 (1998).

Turko, I. V,, Ballard, S. A., Francis, S. H. & Corbin, J. D.
Inhibition of cyclic GMP binding, cyclic GMP specific
phosphodiesterase 5 by sildenafil and related compounds.
Mol. Pharmacol. 56, 124-130 (1999).

Turko, I. V., Francis, S. H. & Corbin, J. D. Hydropathic
analysis and mutagenesis of the catalytic domain of the
cGMP-binding and cGMP-specific phosphodiesterase 5.
CGMP versus cAMP substrate selectivity. Biochemistry
37, 4200-4205 (1998).

Lue, T. F. Erectile dysfunction. N. Engl. J. Med. 324,
1802-1813 (2000).

Rotella, D. P. Phosphodiesterase type 5 inhibitors:
discovery and therapeutic utility. Drugs Future 26, 153-162
(2001).

Kloner, R. A., Brown, M., Prisant, L. M. & Collins, M. Effect of
sildenafil in patients with erectile dysfunction taking
antihypertensive therapy. Am. J. Hypertens. 14, 70-73 (2001).
An important summary of the safety and efficacy of
sildenafil in a target population.

Conti, R. C., Pepine, C. J. & Sweeney, M. Efficacy and
safety of sildenafil citrate in the treatment of erectile
dysfunction in patients with ischemic heart disease. Am. J.
Cardiol. 83, 29C-34C (1999).

Price, D. E. et al. Sildenafil: a study of a novel oral treatment
for erectile dysfunction in diabetic men. Diabetic Med. 15,
821-825 (1998).

Derry, F. A. et al. Efficacy and safety of oral sildenafil
(Viagra™) in men with erectile dysfunction caused by spinal

29.

30.

Vivus cleared to proceed with TA-1790 trial in erectile
dysfunction. Prous Daily Essentials (January 22, 2002).
Oh, T Y., Kang, K. K., Ahn, B. O., Yoo, M. & Kim, W. B.
Erectogenic effect of the selective phosphodiesterase
inhibitor DA-8159. Arch. Pharm. Res. 23, 471-476 (2000).

cord injury. Neurology 51, 1629-1633 (1998). 31. Hosogai, N. et al. FR226807: a potent and selective

17. Fava, M., Rankin, M. A., Alpert, J. F., Nierenberg, A. A. & phosphodiesterase type 5 inhibitor. Eur. J. Pharmcol.
Worthington, J. J. An open trial of oral sildenafil in 428, 295-302 (2001).
antidepressant-induced sexual dysfunction. Psychother. 32. Kotera, J. et al. Characterization and effects of methyl-2-(4-
Pyschosom. 67, 328-331 (1998). aminophenyl)-1,2-dihydro-1-oxo-7-(2-pyridylmethoxy)-4-

18. Hanning, H. et al. Imidazo[5,1-f][1,2,4]triazin-4(3H)-ones: (3,4,5-trimethoxyphenyl)-3-isoquinoline carboxylate sulfate
anew class of potent PDES inhibitors. Bioorg. Med. Chem. (T-1032) a novel potent inhibitor of cGMP-binding, cBMP-
Lett. 12, 865-868 (2002). specific phosphodiesterase (PDE5). Biochem. Pharmacol.
This paper describes the discovery of vardenafil. 60, 1333-1341 (2000).

19. Terret, N. K., Bell, A. S., Brown, D. & Ellis, P. Sildenafil 33. Takagi, M. et al. Pharmacologic profile of T-1032, a novel,
(Viagra™) a potent and selective inhibitor of type 5 cGMP specific phosphodiesterase type 5 inhibitor in isolated rat
phosphodiesterase with utility for the treatment of male aorta and rabbit corpus cavernosum. Eur. J. Pharmacol.
erectile dysfunction. Bioorg. Med. Chem. Lett. 6, 411, 161-168 (2001).

1819-1824 (1996). 34. Inoue, H., Yano, K., lkeo, T., Noto, T. & Kikkawa, K. T-1032

20. Klotz, T. et al. Vardenafil increases penile rigidity and anovel specific phosphodiesterase type 5 inhibitor
tumescence in erectile dysfunction patients: a RigiScan and increases venous compliance in anesthetized rats. Eur. J.
pharmacokinetic study. World J. Urol. 19, 32-39 (2001). Pharmacol. 422, 109-114 (2001).

21. Porst, H. et al. The efficacy and tolerability of vardenafil, 35. Ukita, T. et al. Novel potent and selective PDES inhibitors:
anew oral selective phosphodiesterase type 5 inhibitor in synthesis and biological activities of a series of 4-aryl-1-
patients with erectile dysfunction: the first at home clinical isoquinolinone derivatives. J. Med. Chem. 44, 2204-2218
trial. Int. J. Impotence Res. 13, 192-199 (2001). (2001).

This paper describes data obtained using a novel 36. Hirose, R. et al. KF31327 a new potent and selective
clinical-trial design. inhibitor of cyclic nucleotide phosphodiesterase 5. Eur. J.

22. Vardenafil effective and safe as ED therapy in men with Pharmacol. 431, 17-24 (2001).
prostatectomy, CAD and hypertension. Prous Daily 37. Kim, D.-K. et al. Synthesis and phosphodiesterase 5
Essentials (February 27, 2002). inhibitory activity of novel phenyl ring modified sildenafil

23.  US delay for Lilly Icos’s Cialis. Scrip World Pharmaceutical analogs. Bioorg. Med. Chem. 9, 16091616 (2001).

News (May 1, 2002). 38. Kim, D.-K. et al. Synthesis and phosphodiesterase 5

24, Porst, H. IC351 (tadalafil, Cialis™): update on clinical inhibitory activity of new 5-phenyl-1,6-dihydro-7H-pyrazolo-
experience. Int. J. Impotence Res. 14 (Suppl. 1), S57-S64 [4,3d]pyrimidin-7-one derivatives containing an N-acylamido
(2002). group on a phenyl ring. Bioorg. Med. Chem. 9, 1895-1899
A useful summary of the activity of tadalafil in (2001).
clinical trials. 39. Rotella, D. P. et al. N-3-substituted imidazoquinazolinones:

25. Porst, H. et al. Tadalafil allows men with erectile dysfunction potent and selective PDES5 inhibitors as potential agents for
to have successful intercourse up to 36 hours postdose. the treatment of erectile dysfunction. J. Med. Chem. 43,

J. Urol. 167 (Suppl.), 177 (2002). 1257-1263 (2001).

26. Padma-Nathan, H., Rosen, R. C., Shobsigh, R., 40. Kim, D.-K. et al. Synthesis and phosphodiesterase inhibitory
Watkins, V. S. & Pullman, B. Cialis (IC351) provides prompt activity of new sildenafil analogs containing a carboxylic acid
response and extended responsiveness for the treatment of group in the 5'-sulfonamide moiety of a phenyl ring. Bioorg.
erectile dysfunction. J. Urol. 165 (Suppl.), 224 (2001). Med. Chem. 9, 3013-3021 (2001).

27. Hutter, A. M. et al. Blood pressure and cardiovascular 41. Bi, Y. et al. The discovery of novel potent and selective PDES
effects of tadalafil, a new PDES inhibitor. Am. J. Hypertens. inhibitors. Bioorg. Med. Chem Lett. 11, 2461-2464 (2001).
15 (Part 2), 140A (2002). 42. Yu, G. et al. Substituted pyrazolopyridines as potent and

28. Padma-Nathan, H. et al. Efficacy and safety of tadalafil in selective PDE5 inhibitors: potential agents for treatment of
men with erectile dysfunction with and without hypertension. erectile dysfunction. J. Med. Chem. 44, 1025-1027 (2001).
Am. J. Hypertens. 15 (Part 2), 143A (2002). 43.  Kumar, V. & Dority, J. A. Jr. Preparation of N-cycloalkylmethyl-

This abstract describes the safety and efficacy profile
of tadalafil in an important target population.

1H-pyrazolo[3,4b]quinoline-4-amines as cGMP
phosphodiesterase inhibitors. US patent 5,488,055 (1996).

NATURE REVIEWS | DRUG DISCOVERY

© 2002 Nature Publishing Group

VOLUME 1 [ SEPTEMBER 2002 | 681



REVIEWS

44,

45.

46.

47.

48.

49.

Vemulapalli, S. & Kuroski, S. Sildenafil relaxes rabbit clitoral
corpus cavernosum. Life Sci. 67, 23-29 (2000).

Min, K. et al. Sildenafil augments pelvic nerve mediated
female genital sexual arousal in the anesthetized rabbit.

Int. J. Impotence Res. 12 (Suppl. 3), S32-S39 (2000).

Reis, R. B. et al. Safety and efficacy of sildenafil in
postmenopausal women with sexual dysfunction. Urology
53, 481-486 (1999).

Caruso, S., Intelisano, G., Lupo, L. & Agnello, C.
Premenopausal women affected by sexual arousal
disorder treated with sildenafil: a double-blind, cross-over,
placebo-controlled study. Br. J. Obstet. Gynaecol. 108,
623-628 (2001).

McPherson, M. A., Pereira, M. M. C., Mills, C. L., Murray, K. J.
& Dormer, R. L. A cyclic nucleotide PDES inhibitor corrects
defective mucin secretion in submandibular cells containing
antibody directed against the cystic fibrosis transmembrane
conductance regulator protein. FEBS Lett. 464, 48-52
(1999).

Bortolotti, M., Mari, C., Lopilato, C., Porrazzo, G. & Miglioli, M.
Effects of sildenafil on esophageal motility of patients with
idiopathic achalasia. Gastroenterology 118, 253-257
(2000).

50.

51.

52.

53.

54.

56.

Bortolotti, M., Mari, C., Lopilato, C., La Rovere, L. &
Miglioli, M. Sildenafil inhibits gastroduodenal motility.
Aliment. Pharmacol. Ther. 15, 157-161 (2001).

Wilkens, H. et al. Effect of inhaled iloprost plus oral sildenafil
in patients with primary pulmonary hypertension. Circulation
104, 1218-1222 (2001).

Sobey, C. G. Cerebrovascular dysfunction after
subarachnoid hemorrhage: novel mechanisms and
directions for therapy. Clin. Exp. Pharmacol. Physiol.

28, 926-929 (2001).

Sildenafil demonstrates beneficial activity in rat model of

cerebral ischemia. Prous Daily Essentials (February 7, 2002).

Berkels, R., Klotz, T., Sticht, G., Englemann, U. & Klaus, W.
Modulation of human platelet aggregation by the
phosphodiesterase type 5 inhibitor sildenafil. J. Cardiovasc.
Pharmacol. 37, 413-421 (2001).

Soderling, S. H. & Beavo, J. A. Regulation of cAMP and
cGMP signalling: new phosphodiesterases and new
functions. Curr. Opin. Cell Biol. 12, 174-179 (2000).

Acknowledgements

The assistance of V. Florio and K. Fowler in the preparation of this

review is gratefully acknowledged.

&) Online links

DATABASES

The following terms in this article are linked online to:
LocusLink:

http://www.ncbi.nim.nih.gov/LocusLink/

CYP2D6 | HERG | PDET | PDE2 | PDES | PDE4 | PDES5 |
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cystic fibrosis

FURTHER INFORMATION

Arab Medical Magazine: http://syrotech.com/medical/issue-
09-04-2002/urology/main02.htm

FDA: http://www.fda.gov/default.htm

Investigational Drugs Database: http://www.iddb3.com
Micromedex: http://www.micromedex.com

Viagra: http://www.viagra.com
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xanthine oxidase
http://www.ncbi.nlm.nih.gov/LocusLink/LocRpt.cgi?l=7498

Medscape DruglInfo

milrinone
http://promini.medscape.com/drugdb/drug_uses_dosage.asp?DrugCod
e=A%2D6549&DrugName=MILRINONE+LACTATE+INTRA-
VEN%2E&DrugType=1

mirtazapine
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istry.asp?DrugCode=1%2D11505&DrugName=MIRTAZAPINE+ORA
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sildenafil
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OMIM
cystic fibrosis
http://www.ncbi.nlm.nih.gov/htbin-post/Omim/dispmim?219700

Further information

Arab Medical Magazine:
http://syrotech.com/medical/issue-09-04-
2002/urology/main02.htm
FDA:
http://www.fda.gov/default.htm
International Drugs Database:
http://www.iddb3.com/
Micromedex:
http://www.micromedex.com
Viagra:

http://www.viagra.com
Investigational Drugs Database:
http://www.iddb3.com/

Online only

Bayer

http://www.bayer.com/newbayer/en/
Bristol-Myers Squibb
http://www.bms.com/landing/data/index.html
Dong-A Pharmaceutical
http://www.donga.co.kr/

Eisai

http://www.eisai.com/

Fujisawa Pharmaceutical
http://www.fujisawa.co.jp/english/index.html
GlaxoSmithKline

http://www.gsk.com/

Pfizer

http://www.pfizer.com/main.html

SK Chemicals
http://www.skchemicals.com/

Tanabe Pharmaceutical
http://www.tanabe.co.jp/english/index.html
Timm Medical Technologies
http://www.timmmedical.com/

Vivus

http://www.vivus.com/index.htm

Online summary

¢ Phosphodiesterase 5 (PDE5) inhibitors are useful for the treatment of
erectile dysfunction (ED), and a wide variety of chemotypes have
shown activity as PDES inhibitors.

® PDES5 inhibitors work in conjunction with sexual stimulation to
induce erection, and have a low risk of priaprism.

e Clinical studies with sildenafil, vardenafil and tadalafil indicate that
these compounds are efficacious for the treatment of ED that is a con-
sequence of various causes, and are safe for use in most patients.

® Vardenafil and tadalafil have been submitted for regulatory approval in
the US and European markets. Final approval and marketing of these
compounds is pending the outcome of regulatory review.

® There is substantial activity in the discovery of novel PDES5 inhibitors,
some of which are more potent and selective than sildenafil i vitro.

¢ PDES5 inhibitors have also been investigated for actions on other tis-
sues, including the gastrointestinal tract and the circulatory system.
PDES5 inhibitors have been shown to reduce blood pressure in patients
with pulmonary hypertension, and in animal models, have potential
for use in the treatment of stroke.
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